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Isolation and Sequence Analysis of Human Cadherin-6 Complementary DNA for
the Full Coding Sequence and Its Expression in Human Carcinoma Cells®

Yutaka Shimoyama, Masahiro Gotoh, Takeo Terasaki, Masaki Kitajima, and Setsuo Hirohashi®

Hirokashi Celi Configuration Project, ERATO, Research Development Corporation of Jupan (JRDC), Trububa Resesrch Consortium, 5-9-8 Tokodsi, Fsukuba 306-26 [Y. §,
5. H.j: Patholpgy Division, Novienal Cancer Center Research Institwe, 5-I-1 Tsukifi, Chuo-ku, Tokyo 104 [¥. S, M. G, F. ¥, 8. H.[: and Depariment of Ssirgery, School of

Medicing, Kefs Untvervity, 35 Shinanomachs, Shinjuku-ku, Tokyo 1680 {¥. 8., M. K . Japan

ABSTRACT

The expression pattern of E- and P-cadheria in human carcinomas has
been reported by mauny laboratories. However, little s known about the
invoivement of other cadberin types in human carcinomas. CONA ¢lones
for a cadherin molecile were isolated from a cDNA lHbrary of human
hepatocelfular carcinoma cells which lacked E- and P-cadherin expression
bt exhibited celf sggregation activity mediated by an unknown cadherin,
and they were subjected to seghence apalysis. The overlapped clones
covered 4315 nucleotides and were found te encode & typical cadberin
molecule consisting of 798 amine acids. Since the deduced amino scid
sequence was identical i a partially available human cadherin-6 sequence
except for two smino acid residues, the clones were considered to b
human cadherin<é cDNAs encoding the entire open reading frame. The
deduced amino acid sequence also showed extremely high homology with
recently reposted rat K-cadberin, 97% for the putative matare protein,
suggesting that cadherin-6 is the human counterpart of rat K-cadherin.
Expression of cadherin-5 in varicus human normal tissues and carcinoma
cells was examined by Northerm blot roaiysis ucing a specific probe
corvesponding Lo the signal and precursor sequence. Among normsal tis-
sues exsmined, brain, cerebeliun, amd kidoey showed strong expression of
cadherin6, whercas lung, pancreas, and gastric mucosa showed weak
expression. Transcripts of cadherin-6 were nol delected in normal fiver,
whereas four of six hepstocellulnr carcinoma oelf Hoes examined ex-
pressed cadberin-6 abundanily. As veported for rat K-cadherin, three
renal carcinoma coll tines also expressed cadherin-g strongly. The most
interesting finding was obisined for small cell lung carcinoma lines.
Ameng 15 of such cell lines examined, alf of 11 cadherin-G-positive lines
were classified into the classic type, whereas the negative cell lines werne all
of the variant type. The present results suggest that besides E- and
P-cadherin, other cadherin molecules are expressed in human cancers and
are responsible for additional biological properties of the carcinoma cells.

INFRODUCTION

Cadherin is 2 Ca®"-dependent cell-cell adhesion mofecule which
mediates celi-cell binding in a homophilic manner, Cadherin consti-
tutes a gene family and consists of subclasses with individual binding
specificities. Initial studies identified three subclasses, epithelial (E-),
neural (N-} and placental (P-) cadherin, and further characterization
revealed thas they played 2 key role in many morphogenetic events as
well as in the maintenance of orderly structures such as epithelium
{reviewed in Refs. 1 and 2). We started studying human cadherins,
focusing on their possible involvement in the biological properties of
cancer, since it was conceivable that metastasis and invasion of caacer
conld not occur without disruption of the mutual adhesion of cancer
cells (3-6).

To date, a considerable volume of experimental and clinical svi-
dence has been abtained to indicate that dysfunction of E-cadherin, &
major cadherin molecule expressed in both epithelium and cancer,

Received 12/28/94; acorpted 3/15/95.

The costs of pubfication of this article were defrayed in pan by the payment of page
charges. This article wust thesefore be heseby mask i d with
1B U.8.C. Sectivn $734 solely to indicate this fact,

T This wark was seppetied in pust by a Grant-in-Add foven the Ministey of Health and
Weifare of Japan for the 2od Term: Comprehensive 1-Year Strategy for Cancer Controf.

2 Tp whom requests for reprints should be addsessed.
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leads at least o eabanced invasivencess amd progression of cancer
{4, 5, 7-12), and it has become apparent that there are a number of
mechanisms responsible for the E-cadherin dysfunction in cancer,
including loss or reduction of expression, mufations (13, 14), and
abermtions of catenins (8, 153-22), which comnect cadherin to the
cytoskeleton network.

Besides the three subclasses mentioned above, many molecules
with characteristics of cadherin have been identified over the past few
years. These include the typical cadherins, which possess the same
domain structure (23-26), a truncated-type cadherin (27}, cadherin-
related proteins with more than five extracellular subdomains (28),
and desmosomal cadherins {29-31}, indicating the existence of a
cadberin supcrfamily. In addition, a PCR technique based on the high
conservation among cadberin family members has facilitated the
moiecular cloning of varions cadhering (32-34). Because E- and
P-cadherin are thus far the only two cadhering that have been well
characterized in cancer, it would be of interest to determine whether
other cadherins are expressed in cancer and affect its biological
properties. Before undertaking the present study, we had noticed some
cancer cell lines cxhibiting strong cell aggregation activity after
trypsin/Ca®" treatment (33) without expression of B- and P-cadherin
{data not shown), suggesting that other cadherin molecule(s) were
present in them. In this report, we describe the molecuiar cloning and
sequence analysis of a cadherin molecule from one of those lines, a
human hepatoceliular carcinoma cefl line Li21 (36), sud its unigue
expression patters in cancer celis.

MATERIALS AND METHODS

PCR. To obtain & cDNA fragment of the unknows cadherin expressed in
Li21 cells, PCR was performed based on a strategy similar to that described by
Suzuki et al. (32). The primer pair used was the upstream primer 5 -GGA-
ATTCACACGTIGEACGTICACCTICCACGTITACTIGA-3" and the
downstream primer GGAATTCTCACGTYCCACGTIA(AGYCTTT(CT)-
THAGIAA-F, both of which contained an EcoRI recognition site at their 5
ends. Poly(A)™* RNA was prepared from C-LiZi cells as described by
QOkaysma ef al. {37). Single-strand cDNA was synthesized using Superscript
{GIBCO-BRL, Gzithersburg, MDY} and subjected as a template 10 35 cycles of
PCR (94°C, 55°C, and 72°C for 1.5, 2, and 3 min, respectively). The PCR
product, about 160 bp long, was purified, digested with £coRl, and subcloned
into the EcoRl site of the pBluescript f SKE{~) phagemid vector. This
fragment was used as a probe for cDNA cloning as described below.

Constraction and Screening of cDNA Libeary. An oligo-dT-primed
cDNA was synthesized from poly{A)" RNA of Li21 ceils using a cDNA
synthesis system plus kit (Amersham, Buckinghamshire, United Kingdom),
ligated to the arms of Agti0 via EcoR1 adaptors, and packaged in vitro using
the cDNA clening system, Agti0 {Amershem). The phage plagues were
transferred to nylon filters, The filters were hybridized at 42°C in a buffer
containing 50% formamide, 0.65 M Wa(l, and the above PCR fragment labeled
with [a-PJACTP, washed twice with 0.1X SSC-0.1% SDS at 65°C for 30
min, and exposed to Kodak XAR-S film (Rochester, NY) at ~70°C with an
intensifying screen. Positive clonpes were plaque pusified under the same
conditions s those above,

3 The abbreviations used are: pofy(A)*, polyadenylated; b, base pair(s); SCLC, smail
cell fung cancer; N-CAM, neneat celt adhesion molevuie.

2206
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SEQUENCE AND EXPRESSION OF HUMAN CADHERIN-G

DNA Sequence Analysis. The insents of the positive clones were sub-
cloped into pBluescript i SK{—} or pUCTIR (Takara Shuzo, Kyoto, Japan).
The phagemids were denatured by alkali treatment and subjected to sequence
amalysis using o 7-deava-GTP Sequenase version 2 kit {(United States
Biochemicals, Cleveland, OH). The DNA sequence was determined en both
strands suceessively using oligonucleotide primers which anpeal the vector and
insert DNA sequences. The nucleotide and aminn acid sequences were sna-
{yzed using the GeneWorks software package (IntelliGenetics, CA).

Northern Blot Analysis. Total RNA was prepared from various human
tissues and cancer celi lines by acid gusnidisium thivcyanate-phenol-chloro-
form extraction (38), and poly(AY" RNA was isolated using oligo-dT latex
beads (Oligotex-dT30 Super; Daiichikagaku, Tokyoe, Japan}. Human brain,
cerchellum, and pancreas poly(A)* RNAs were purchased from Clontech
{Pale Alfo, CA). Poly(A)" RNAs (2 pgftane) were separated in 1% agarose/
formaldelhyde gels, transferred to nitroceflulose fiters, and hybridized at 42°C
in & buffer containing 50% formamide and 0.65 M NaCl with a specific PCR
probe described below, To avoid cross-hybridization with other cadherin
subclasses, 2 182-bp nucleotide sequence (positions 116~297 {n Fig. 1) en-
coding the signal peptide and precursor region, where significant homologies
have not been weported among different subclasses, was amplifiad by a PCR-
fabeling procedure (13) and used as a probe. We confirmed that this probe did
not detect either B~ or P-cadherin {data not shown). The filiers were washed
twice with 2X S8C, 3} mv sodium phosphate buffer, 0.06% sodium PP, and
0.05% SDS at 65°C for 30 min and exposed to XAR-3 film at ~70°C with an
inteasifying screen.

RESULTS

Amplification and Isolation of & Cadherin ¢cBDNA Fragment. A
PCR method was used to isolate a cDNA fragment of an unknown
cadherin expressed in Li21 cells using a set of two degenerate oligo-
nucleotide primers encoding highly conserved sequences in the cyto-
plasmic domain of known cadherins (32), and a fragment about 160
bp iong was obizined {data not shown). This fragment was subcloned
into pBluescript I SK{~) and subjected to sequence analysis. The
DNA sequence consisted of 155 nucleotides and showed significant
homology with reported cDNA sequences of known cadherins (data
not showa),

¢DNA Cloning and Sequencing. The Agil( cDBNA library con-
structed from Li21 poly(A)" RNA was screened with the 135-bp
fragment. Approximately 4 X 10* recombinants were screened, and
only one positive clone, designated AL1-1, wss isolated. This clone
contained a ¢cDNA insert of 3787 bp with the poly(A} sequence, but
comparison with cDNA sequences of known cadherins revealed that
it Jacked the translation initiation codon and the following nucleotides
encoding the signal peptide, precursor region, and most of extracel-
fnfar domain 1. In oxder to identify this sequence, the hbrary was
screened again usivg 2 321-bp nucleotide located at the 5'-ead of
AL1-1 {positions 630-970 in Fig. 1) amplificd by PCR ss a probe,
Approximately 2 X 10° recombinants were rescreened, and three
positive clones were isolated. Among these clanes, one, designated

.
e e ppy
P
PO 4
s 3
=3

4 ALt
+ { B1-1
1¥b

h@ EC Ic"% :

Fig. 1. Two cDNA clones, ALL-1 and B1-3, and their restrickion map with & schematic
drawing of cadherin Fhe box indi the coding region. Hatched, sofid, and
clear areas sepresent the signal and p i Beq the tragm b doain, and
the extraceliulss { £ and cytoplasmic (CP) domains, respectively. 8, Bomtil; £, EroRI;
H. HindHL P, Psd; X, Xbal.

B1-1, proved to contain the entire open reading frame. Althoogh B1-1
aiso had a poly(A) tail at the 3"-end, the addition site was different
from that of AL1~1. Fig. 1 shows the two clones schematically with
representative restriction endonuclease sites.

The overlapping nucleotide sequence, 4315 bp in langth, is shown
in Fig. 2. The open reading frame begins with an ATG codon at
position 3121123, terminates at 8 TAA codon at position 24912493,
and consists of 2370 nucleotides encoding 79 amino acids. A polya-
denylation signal, ATTAAA, is identified at position 3101-3106 for
clone B1-1, but no obvious signal is present for AL1~1, The deduced
amine acid sequence contains two hydrophobic sequences core-
sponding to the signal peptide and transmembrane domain, the jong
extraceilular domain, and the short cytoplasmic domain, which are
structures common 1o typical cadherins (1). This polypeptide is ex-
pected 1o undergo posttranslational modifications including proteo-
Iytic cleavage at amino acid position 53-54 (39) and 1o be expressed
at the cell surface as the mature protein, which is 737 amino acids long
with 5 consensus sites for N-linked glycosylation (40).

Comparison with Other Cadherins. A homology search with
cadherin sequences reported previously revealed that this cadherin
shows striking identity with two cadherin sequences. One of these is
cadherin-6, which has been cloned from a human fetal brain library
and partially sequenced (32). The amino acid sequence of the present
cadherin from position 377 to 790 completely agrees with the reported
424 amino acids of cadherin-6, except for only two amino acid
residues (Val at position 421 and Thr at position 425 are both He in
cadherin-6), strongly suggesting that the clones presenied here encode
cadherin-6. To avoid confusion, the cadherin cloned in the presenmt
study wili be referred to 85 cadhetin-6 hereafter. The other cadherin
highly homologous with this cadberin-6 is rat K-cadherin, which was
recently isofated from 2 rat renal celi carcinoma library (41). Homol-
ogies of cadherin-6 with rat K-cadherin and other known human
cadhering are summarized in Table 1. Homology between cadberin-
and rat K-cadherin is extremely high, being 97% for the putative
mature protein, as compared with those between cadherin-& and
known human cadherins. Even for the signal and precursor sequences,
where each cadherin snbelass shows a characteristic sequence, the two
cadherins are markedly homologous, suggesting that cadherin-6 is the
human counterpant of rai K-cadherin,

Comparison of cadherin-6 with other human cadherin subclasses
reveals that there are two groups of cadherin on the basis of resem-
blance to cadherin-6, One group inchudes cadherin-8, <11 and -12,
which exhibil over 60% homology with cadherin-6, and when aligned
with cadherin-6, few gaps are required. The other group includes B~
N- and P-cadherin, and cadherin-4 and -5, which show lower homol-
ogy, 36-40%, with cadherin-8. Cadherin-13, which lacks the frans-
membrane and cytoplasmic segions, also shows lower homology,
3(%, for the extraceiluiar part.

Expression of Cadherin-6 in Human Tissues and Carcinoma
Cell Lines. To examine cadherin-6 expression by RNA blotting with-
out cross-hybridization with other cadherin species, we chose a
182-bp fragment corresponding to the signal and precursor sequences
as a probe. Fig. 3 shows cadherin-6 expression in Li2l cells and
varipus normal human tissues, Cadberin-6 transcripts were detected as
four bands intensely in Li21 cells, brain, cerebellum, and kidney and
faintly in lung, pancreas, and gastric mucosa, with approximate mo-
lecular sizes of 9, 4.1, 3.4, and 2.7 kb. This result is inconsistent with
the finding by Xiang er al. {(41) that K-cadherin was scarcely ex-
pressed in adult rat tissues and also the report by Suzuki ef al. (32) that
brain expressed cadherin-6 very faintly. Interestingly, expression of
the 9-kb cadherin-6 transcript was very faint in Li21 cells and kidney
but intense in brain and cercbellum, and expression of the 2.7-kb
transcript was also faint in cerebellum and kidney, indicating that each
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1 TGAGAGCCAMGCAAAGRACATTAAGGAAGIAA GEALGANTAAGECTAGATACCGO TN AGTEARA AA GO ACTPOC M A TGUGGC AT TCACTACREAT AGAC PCEACGETACCATCAM
121 ATGAGRACTERACTRCTACT PO T IaC TACTC T T T ITGGC CMCCCTACCCARC TCTC TCAACTCCACTATCAMGAGAC TAGTOG TTTCCCAGCAARGANAA BOOC QU TGGAMICTC
t ARSI R Y F L L L P ® V4 O P YT FTL ST P LSEKERT S EF P AKX EKRALEL

4 8 R
L TOICGAANCACCARAAA TOAGC TAAACCOTTCARAARGEABCTOAA TETOGAR TCAGTTC P TTCTUC TCGABRAA TAC ACAGEATCCAATTATC ACTA TR GRRCAR GYTACATTCAGAL
44 8 & ¥ 8 K ® B L ¥ R § K R § W ¥ W ¥ ¢ F 7P L LB B Y TGS DY QY V3 X L HESD
A R 3 &
361 CACGATAGRIGAGNTERATCACTTAM IATATCOM I ASIAGATEAAGCACGRAGA T PCTTCATTAT T AR TGARAA CACAGGCOACA TACAROOD RCT ANGMIIC TOSNCAGUGANGAR
8 Q¢ D R & DL BL X ¥ I L 8§44 DCAEEDBFLPFIIRERT DI QAT EKRLDEREE

481 AARCCCOMMIATATOUTTNRAACTCAAGCTATAAACACAR GRACAQGGAGR COCETRRAAC COGRATCTORATTONTEATCARAGA TCCATOAC ATC AATOACAATAAAC CANTATICACC
11 XK ¥ ¥ ¥ I L R A ¢ A I ¥ R R T G R & ¥V E 2 E S 8 F I I KXKI HDIUSNDUNETPRIZPT

$81  AAQGNGETTTACACAGCCACTATCCCTGAAATINC TOATGTCOGTACAT T TR T TATCCAAGTCACTOCAA CREATOCAGA TGATCCAAC AT ATGOGAR C AGTGCTAAMGTTIGTC TACAGT

151 K B ¥ ¥ ¢ a T ¥ ¥ & N & DV @ T F V¥V VL2 VT ATDMBUDEFPT VYOI N S AKXV VYV Y S
b .3

Tl RTPCYACAGUGACAGCCCTATTTTTCACTIRAA TCAGARACAGETA TTATE M AACACCTTTON TRAMCA TEEATCEAGAAAR CAGRAAQC ATTACC AR TTGFTAA TTCARGOCARGRAT

W I L g 8 g P Y P SV E S ETSE I I ETALLENERKDRSERKREBEBGYQQVY VY IQAEKD

B4l RTEOGNOACCAGATEGAGIATTATCTCOOACT AC CACCAT GAAC AT ACRCTANC TOA TG PTANDSACAACCOTCCCOBRTTOUCOCAGAGTACATAC CAGTTTARAACTUCTIRANTOT

M1 ¥ G G 0 ¥ $ & L 3 S TTTV N ITLTODV HNDXPPERFPQO ST Y QPKTP®E S
A

§81 TOTCCACCRGRGACACCANTTOOCAGARTC ARAGKE CAGCGACGITGATETROGAGRAAA TRCTERAAA TTRAITAC AGCATC AL ARG TRAGKKIGCT GO T AT G PEATOTC AT AT

2B 8 # P @ T P I & R I X A 38D ADVQREU ®AMETITERYS$SITDRGEOGTLOD DMV FODVIT

H
1081 GACCAGGAAACCCAGIAASGOATTATARC TRTUAAAAR T CTTOCAC TTPOAAAA GAAGR ARG TATATACCOTTAAR GTERAAGCCTCCAATCOTTATOT TGAGC CACCATTTCTO TAT
321 P ¢ B YT ¢ B &I I TV EXDLELDFEYESYXEKVYT®LEVY REAS KPP YV E P RFLY
R B I

1201 TTOOGKOTTTCAARGATTCACCCACOOTT AGRR TTOTOGTOCAGAATATRGR TGAGCL ACC TAPC TTCAGCAARCTIGC CTACA PCTTACARATAAGAGAAGATOC TC AN TARAL ACT

3 L G P F K P 8 AT Y R X VY B DV D EP®P PV P S KL A Y I LGIREDAXOGQTIDSRT
D A

1321 ACAATAGOCTO SO AT ML COANGA TC CAGA TG T SRR PO TS C ARG RTIPATAGA TC GACAC KON TATOUACAGAA TATTC AM AT TOA T TE TAGAAA TACTTCGATT

0 T I § § VT A Q2 D P D AAPRUNEPY K Y 8§V DR HTDIHNDRTIPFEREIDSAS S G 8 I

A i i A

1441 TITACATCOARAACTTOTTRACCSAGAAACACTOCT ATGODACARC A TFEACAUTGATAI AACAGACATC AATAATCC AR GCAAAGTAGTCGAGTACT T TATA TAT TAAAITTC TAGAT

4 F T 8 ¥ L &L B R B T L L ¥ ¥ B I TV I AT E I ¥R PXGGS 3 RV PLY I XV L D
A

1551 STCAATOACAACOCOCCAGAATTTOCTGAGTTCTATGAMC T T TITICTATGAAAAAGT AAAGGCAGATC ACTTEATPCAGACCCTGCATOC TG PGRC AR QG TEACCCTITATAGTGGA

48 VvV F D N A P B F A B F Y 8 T F ¥V C € XK A X A D Qg & I @ L N AV D EDRD®PRY S @

1§81 CACCAATTTTCGT T I TOCTPOZCCOrTRARGCAGCCACTOOCTI AAACTTTACCAT P CAAGACARCAARGAC AAE A OOCEGERATCI T AACTCORAAAAR TEOCT A TAR TAGACAC GRS

21 H Q F 38 F 5 L &4 P B A A S @ 8 3% 7 T X QP FXDRETTAGILTRIEDUNGSY NHRHEER
A

1861  NTGMCACCTATCTCTTGECCTETGGICATTTCAGAE M CAACTACCCASTTCAAMACAGCACTOOCACACTAAC TETCCOLRTCTOTOC ATATGAC CACCAC GOGANCATOCAR TOL TR

61 M 3 ' ¥ L L P ¥ V I 2 D RDY FV QS S TGET VT VARV ACDRENEGSGHE NS C

1521 CATGOOGAGCGCTCATCCACCCCACTUGACTRAGC AC GROAGCTCTORTTOC C ATCCT T TOTOCATC GTGNTCCTACTAGTGACASTOGTAC TATT TAC AGC TC TEAGGOTRCAITSA.
01 H A B A L L H Pl St diditioedionn oo ormetosmmloerbemelirers trre osmbor oo tarriboreiommtiontiomiiest & Q@ R

2041 AARRARGAGUCTITARTCATTTCCAAACAGGAT ATU AGAGR TAAC A TIGTE AT TACRACSACRAALETRATAGAGAGGA GGAC AT DG ANIC T T PTAR TRTCOGCAC CCTORGGAATOCT
641 X XK & P L I ¥ 8§ K ED I RDS¥ I ¥V 8 Y D EQOCGEERDTOQCA ATFDTIGTILRET®

2161 GARAGCCATAGAGGRCAACAAATTACGAACGGAC ATTETACCCGARGCCCTTITCCTACCOCQRACOEAC U CARCAGCTCOCGACAACACCGR TETCAGRGATTTCATTARACC ARAGGTTA
81 B A X B B KW K L R R D X V P E A L F L RRTPTARIDIDNTDRVY RD P T ¥ O R L
E P W R Q @2 8 - M 8
22BY  RAGGARARTAACACOGACCCCACTGCCCORNATACACTCOTTGOCC AL TTACQUCTATGAARGL AL TRAC TCCUTOGC GRA T DI PRA S TCAC TAEGAITCACTAC CACGCATOCA
2L K B ¥ D YT D P T AP P Y DB L ATY AY E 4ET S 8V AD S LB B3 L E B YT YDA
R K ¥ N G
2401 SAPCARGACTATEATTACCTTANTGACTOOGRACE TCGR T TCAA AR AGC TTOCAGR TATGT A TOCAGGA G TGAACATTGAC AR AGAT TCCTAA TCTATTACCTTTTTCATTITCC AR TAL
61 D 2 D Y DY L 32 D W4 FRF KX L ADM Y Q@ FEVDEP S D XD ®
& »
2521  GRCACTGAMTATIGARGTOCTAT T I T T ATATITATCCACTACTC COPGAAGACT IO TGP TACCEATTCCARAROCZ AR TEAC TOCAGTCC AT TGO TCCAATGI T AGR G,
2543 ORI IO AGTACAC TP IR T GAGCT T OC AR BRI AAA TTTTTATT FTT TAGTACATCC ACT TAACCAAGTCAGC CCAACARRC MO TOCC GAANGGIGR GCACACOGAAC AGTATTTC
2751  QACTIRTTCTCARGOC AGCGTACC T TICCAC TGO TOG TG T TYACTACACTC CATGRCAGETCAGC CARCPACECTARC TETACATT I ACAUCC TAATGIGA TARAGGACTETGC
2881 TTTAMAGATAARMATATCATCATAGTAMAAGAARTGAGIGCATATCQUC TCACARAGACAT A CTACATAGGOG IR T TTATT TGTITC ACARAGA AT TTAAAA TAA R TROCCCATRC
3IDH TATTTGTICT ICAMGAACTTTOTC TGO ATCAACTACTATTCAAKACCICAAR PECACCCATATOT PAARAT TCTCATTACTC TTARIZAR TAGAAGCRANTEIARRC QGTARC KPCCARN

3321 AGCRACCACAAACCTAGTACGACTTCATMICCTPEEACTAACTCATAGT T TETTATATCCTAGRC TABACA TACAAMAGT T TACCT TTETAC CATATAAGGGGEANGGAANTAGCTAATA
3241 ATGTTAACCAAGGAANTATATTITACCATACATTTAMA ST T TOGTCACCACA T T AT ACSOFTCACT T GAR AT PO TTTCAGCTATC AT AGGC T ARTGTCAR AR TTGTTTARAAATTC
3361 TTOAARGRATTTTCCTRAZACAMA T TTTAACTTCTTATC TATAGT PRTCATTATTATIN TAC TA TACTETACA TRAARGTAQCATTATGAAGTACAATAATTCATAT TC TRCATATCCTT
3481 CPTACACGACTAAGITEALTTAGTAMACTTAGA TP AR TARAACTTARN T PEACTC TAGCASTPCAUTEGA QAN T AGACC CASCO ACACT TAAACCTAATACC C TR OCTPRAT AT
3601 TORRAACCTCTACATATTTATATAACGTAATACATTTOGATARRCAACATTGAGATTATGA TAAARACC TACATATTCCATAT TTORAAQACC C T TOGAAGAGGAR AN TTORATTOCCTT
ITIL ARRCAAAATTOTTTAAGAT TOTAATTAMANTGATACTTGATTT TC AMMC AT TAATTT T T T T TCAT IO T T T T TAAC T TTOC TTTCATGACCATCC TOC CATCC TTIGAC TTTGAACTAAT
3341  GATAAROTANTGATCTCAARCTATCACAGCRAAABTAATATANAATCCATOD AR TCTATTAT T I P TAA TTATACAATTACCC TEATAGTTATTATCCAGAGHACCCARCTRANE TRAN
ISEL  TANTOCTICROOCACA T AAA PO G P T AT T CACACOCT BT PEY AN TAGCAC T A TCAT T AGAN TC T TACC T RGP AGTCA TCAGAAA IO CASCOT ACTAT AN TEARARCRTCOTIY
AS81  TTITGRARACCTAAARGR AGGCTC TOTATATATATATAC TTAAGRA TN FACTGAC T TN AC T AT TAGTC TTAGGRA TTTATT TICAATTAATA TTAATTI T C T AC AR TANTTTTAGIG
4261  PoATIPOC A TP GG TA T TG C A P A T A G ACA T A T T P T O T CEAAACACAC T DT T T AZT Y ARG T TTTARAT ASCTET AT TACCCAAGAAQTAAAGATGGAAACGTT {A ) 0

2208

Downloaded from cancorres. sawrjourmais.org on November 8, 2019, © 1995 American Association for Cancer
Research.



1050 of 14295

OnCusp
Ex. 1002

SEQUENCE AND EXPHRESSION OF HUMAN CADHERIN-S

tissue ot cell type might show preferential selection of the polyade-
nylation site. Cadherin-6 mRNA was not detected in poly(A)" RNA
isolated from heart, liver, and colonic mucosa.

Cadherin-6 expression in various human carcinoma cell lines was
then examined using an approach similar to that described above.
RNA blotting of five hepatocellular carcinoma cell lines, except for
LiZ1, is shown in Fig. 44. Li22, Li23, and Li24 cells (36} strongly
expressed 4.1-, 3.4-, and 2.7-kb cadherin-6 transcripts. In contrast, no
bands were detected in Li7 (42) and HepG2 (43). Consequently, four
of six hepatoma lines strongly expressed cadherin-6. Among four
renal cel! carcinoma cell lines examined, three expressed cadherin-6
{Fig. 48), which is consistent with the previous finding that K-
cadherin was expressed in one of three human renal coll carcinomas
{41). Most of the SCLC cell lines examined (11 of 15) also expressed
cadherin-& with various degrees of intensity, although cadherin-6
mRANA was aot detected in four lines, Lu24v, Lul35y, H82, and N417
{Refs. 44 and 45; Fig. 4C). Besides the human carcinoma cells
described here, we examined cadherin-6 expression in various human
cell tines inclading five colon adenocarcinomas, four gastric adeno-
carcinpmas, two pancreatic adenncarcinomas, and one cell line sach
of lung adenocarcinoms, esophageal sguamous carcinoma, vulvar
squamous carcinoma, cervical carcinoma, bladder carcinoma, retino-
blastoma, and transformed endothelivm. Cadherin-6 transeripts were
not, or ondy very weakly detected, in paly(A)" RNAs from these Hues
{daia not shown).

DISCUSSION

‘We have reported here cloning of a human cadherin molecule from
a cDNA library of a hepatocellulsr carcinoma cell line, Li21, which
does pot express either E- or P-cadherin but exhibits cell aggrepation
mediated by an unknown cadherin. The deduced amino acid sequence
is essentially identical to that of partially identified human cadherin-6
{32), except that Val at amino acid position 421 and Thr at 423 are
both replaced by e in the latter. Since it is unlikely that two different
geaes separately encode the two molecules, we conclude that the
cDNA clones presented here encode human cadherin-6 and that these
are the first reported clones which cover the entire open reading
frame. It has been reported that human N-cadberin ¢DNAs isolated
from different libraries show minor differences from one another
(46--48). The two amino acid substitutions found here may be ex-
plained by polymorphism, mutation, or cloning artifacts. 1t is note-
waorthy that, at these two positions, a cDNA clone of rat K-cadherin,
isolated from a renal cell carcinoma Bbrary (41), encodes the same
amino acids as AL1-1 and BI-1, suggesting that the two amino acid
substitutions may be a charscteristic of cancer-specific cadherin-6,

Suzuki et al. (I2) and Tanihara et al. (34) have proposed that
typical cadherins can be divided into two types on the basis of
structural similarities: type lincluding E-, N+, P~ B~ (23), R~ (24), EP-
{25), and M-cacherin {26), and cadherin-4; and type I cadherins
including cadherin-5, -8, 11, and -12. They also suggested that
cadherin-6, -7, -9, and -10, for which only restricted sequences are
available, might be classified as type I cadherins (32, 34). The entire
cadherin-6 sequence presented here shows higher homology with
cadherin-8, -11, and ~12 than with other human cadherins {Table 1),
coafirming that cadherin-6 should be a type I cadherin. However,
only cadherin-5 among type ¥ cadherins shows a low similarity to

cadherin-6, comparable to the similarity between cadherin-6 and type
¥ cadherins (Table 1). This is consistent with the previous finding that
cadherin-5 shows rather low similarity to other type If cadherins (32),
suggesting that cadherin-§ is & unique molecule among the type 11
cadherins.

Since human cadberin-6 shows extremely high similarity to rat
K-cadherin {41), even in the signal peptide and precursor regions, it is
comsidered to be the human counterpart of rat K-cadherin, Interest-
ingly, the most diversified region between the two cadherins is the
cytoplasmic domain, where two clusiers of amino acids different from
cach other are present, wheress the two cadhierins are almost identicul
in the extracelinlar and fransmembrane domains with only a few
conservative amino acid changes {(Fig. 2). In contrast, the classical-
type cadherins, E-, N- and P-cadbherin, show the highest degree of
interspecific conservation in the cytoplasmic domain (48513, whick
is linked to the cytoskeleton via catenins. When each subdomain of
cadberin-6 is compared with that of other type I molecules, the meost
conserved subdomain is not the eytoplasmic domain but the extracel
lutar domain 2 (Table 1). As for the extracellular domain of cad-
herin-6, three potential sequences involved in cell adhesion recogni-
tion, PPI, GAD and HAV, proposed by Blaschuk &t af, (52}, are absent
or partially changed in cadherin-6. In contrast, possible Ca**-binding
sites (33, 54) are well conserved in cadherin-6, and four cysteine
residues involved in the mechanism of cadherin adhesion {55} are also
conserved in cadherin-6 at amino acid positions 497, 589, 591, and
600 (Fig. 1), These features are aiso the case for the rat homologue,
K-cadherin {41). As mentioned above, cadherin-6 and other type 11
cadherins have struciural characteristics not only similar 1o but also
different from classic cadherins. It is thus of considerable interest to
investigate whether cadherin-6 and other type H cadherins function in
the same manner as classic cadhering.

Analysis of the expression pattern of cadherin-6 revealed in this
study provided some interesting findings. Both normal kidney and
renal celf carcinomas expressed cadherin-6. In contrast, although four
of six hepatocellular carcinoma cell lines examined strongly ex-
pressed cadherin-6, and indeed cadherin-6 cDMAs were isolated from
a hepatocellular carcinoma library, cadherin-6 expression was not
detected in normal liver tissue, The significance of the cadherin-6
expression in hepatocellular carcinoma cells is still unclear; therefore,
it will be important in the future o examine cadherin-6 expression in
surgically resected hepatomas together with the morphological and
clinical features of the cancers,

Since brain and cerebellum strongly expressed cadherin-6, we
focused on cadherin-6 expression in SCLC cells, which are known to
show features of differentiation similar to nevroendocrine cells, SCLC
ceils can be subdivided into two types, the classic type and the variant
type, sccording to the expression pattern of neurcendocring biomar-
kers, and separately subgrouped into four types based on their appear-
ance: type 1, tightly packed spherical aggregates; type 2, relatively
densely packed aggregates; type 3, very loosely adherent aggregates;
and type 4, celis attached to the substrate {45}, As shown in Fig. 4C,
cadberin-6 expression was detected in 11 of 15 SCLC lines examined.
Surprisingly, all of these 11 cadherin-6-positive cell lines were of the
chassic type and morphologically type 1 or 2. In contrast, all four of
the cadherin-6-negative cell lines were classificd as the variant type
and were morphologically type 3 (only Lu24v cells grow as type 2-3;

Fig. 2. Nucl d aming acid

{upper) and ded

{fower) of a cadhesin motecule cloned from ¢ LiZl cDNA libsary. Aming acid sequence is shown in one-letter

code. The step codon is masked by an asterisk, The addition site of the poly{A) taif and the polyadenylation signal of clone Bi-1 ase shown by single angd double undsmnmg.
ively. The putative signal peptide and transmembrane region ase also indicated by underlindng. The solid triangle and vlenr triunglex show the possible proteolytic cleavage site

£39) and N-linked glycosylation sites, respectively. Capital and xmall letters below the ded

d amino acid amine acid residoes of rat K-cadherin {41) and fuman

cadherin-6 partially sequenced by Suzuki er al. (32), respectively, which differ from the sequence presented here. The nucleotide sequence data will appear in the GSDB/DDBY

EMBLANCEI dawsls under the nwmher DITTAL
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Refs. 44 and 435), These findings suggest thai the expression of
cadberin-6 is associated with neusoendocrine differentiation and that
cadherin-6 may be a useful marker for distinguishing between the
classic and variant types; furthermore, cadherin-6 expression may be
responsible for the tighter cell-cell adhesion evident in SCLC cell
lines positive for the molecule than in those lacking it. A similar
finding has been reported for the Ca®* -independent cell-cell adhesion
molecule N-CAM, also called cluster 1 SCLC antigen; N-CAM was
abundantly expressed in classic-type SCLCs, whereas the expression

Table I Homolegies between cadherin-G and other cadhkerins for separaie regions and
the putative mamure protein

The sxteacellulas domain is divided iota five xub sccorditeg to Tanihara of afl
{34y 1K, E, N, P. 4, 5, 8, 11, 12, and 13 zep p ge homology b hussan
cadberin-g and rat Kweadberin (41}, human E-cadheris (49), N-cadherin (46}, P-cadheri
{30), and vadherind, -8, -8, -11, 12, and 13 {32, 34}, respectivedy. EC, tht
& i, T™, brane & in; TP, cytopiasmic d §

EC1 2 3 4 s ™ F TFotad

K 1® 28 97 % 100 100 89 &7

E 29 43 31 28 ] 29 50 35

N 34 47 27 31 24 54 48 Ry

i 2 37 33 21 17 26 49 32

4 31 46 3% 29 24 39 46 36

5 ki 49 ¥ 43 37 41 35 3

] 1] s 57 &7 5% B4 8¢ 60

11 62 78 52 53 48 73 fosd g

12 7 78 62 43 56 73 n )

13 32 28 30 28 i | Klig

® Because radbetin-13 lacks the transmembrane and cytoplasmic domains, only the

+ Tt o

in is shown.

fogy ins the

Fig. 3. Bxpsession of cadhesin 6 in Li21 vells and norms} human tissues exansined by
Northess blot ansdysis. Poly(A)" RNA from Li21 cslls {Lane 1), buman brain (Lane 2},
crrebelium {Lane 35, hesst {Lane 4), luog (Lane 5), kidney (Lane &), tiver {Lane 7),

At123as Bi23a

2 345678

Fig, 4. Expression of cadbarin-f in hepateceliutar carcinomy cell lines {4}, reast cell
carcinoma celt lines (8 and SCLC cell lines {C) axamingd by Northers blot analysis, A
Lane I, Li7; Lane 2, L2 Lane 3, Li2Y; Lane 4, Li24 (36, 42) Lane 5, Hep G2 (43). B
Lane I, KT1A; Lane 2. KT4; Lone 3, KT12 {37); Lane 4, KT35, C: Lane 1, Ludd; Lone
2, Laddv; Lane 3, Lu130; Lane 4, Lul34A; Lane 5, Lul34B; Lane 6, L3Sy, Lane 7,
Lald®; Loave 8 Laidly; Lane B Luidl; Lane 10, Eaid3 {34; Long 11, HEY, Lane 12, HB2;
Lane {3, N23G; Lane 14, N23Y; Lane 15, N417 {45). Arcowheads, positions of cadherin-G
Banscripis.

level tended to be lower in the variant type {56). It has also been
reported that in kidney development, the expression pattern of K-
cadherin, a homologne of cadherin-6, is simifar to that of N-CAM
{41). However, it remains to be elucidated whether the expressions of
both cadherin-6 and N-CAM are regulated by the same mechanisms
and whether their expression actually affects the morphological
appearance and biological properties of SCLC cells.

In conclusion, we have isolated a full-length human cadberin-6
cDNA from a hepatocellular carcinoma library and demonstrated its
unique expression in cancer cells. However, the exact functions and
roles of cadherin-6 during normal morphogenesis and cancer devel-
opment remains o be elucidated. We hope that this report will
promote further studies on the roles of varions cadherin molecules in
cancer development and spread.
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Cadherin-6 Expression Transiently Delineates
Specific Rhombomeres, Other Neural Tube
Subdivisions, and Neural Crest Subpopulations
in Mouse Embryos

Takayoshi Inoue, Osamu Chisaka, Hiroaki Matsunami,
and Masatoshi Takeichi

Department of Biophysics, Faculty of Science,
Sakyo-ku, Kyoto 6058-01, Japan

Kyofo University, Kitashicakawa,

Manunalian cadherin-6 {K-cadberin, cad6} was eriginally identified by means of the polvinerase chain reaction, but its
birlogical functions have not yet been deterniined. We analyzed the expression pattern of the nwuse homulogue of this
cadherin during development and found that it was transiently expressed in restricted rhombomeres and in other subdivi-
sions of the neoral plate and tube. In the midbrain and anterior hindbrain of EB.0-8.5 embrvos, cadb was expressed only
iir neural cresi-generating regions. In coistrasy, in the posterior hindbrain and contiguous spinal cord of these embryns,
vadb occurred througheut the neural plate, forming a sharp anterior Hmit at the future rthombomere 4 and 5 beundary.
Subsequently, this neural plate expression becane confined to rhombomere 8, although most of the neural crest-generating
areas remained positive throughowt the body. Neural erest vells expressing cadb migrated out of the neural tube, and
subsequently accumulated mainty along peripheral nerves. We then studied the effect of Hoxa-1 mutation on the expression
of cadB, as their expressions spatiotemporally overlapped with each other in the ewrly posterior hindbrain. In E8.0-85
Hoxa-1 mutants, cadf expression was suppressed in the region of rhombomeres 4 to 8, although that in the other regions
was not essentially affected. At later stages, however, cadb-positive crest cells appeared and migrated out of rhombonieres
4 to B, indicating that the suppression of cadf expression was {fransient and restricted to early stages. Iimportantly, this
effect of the Hoxa-1 mutation concgred with the thning of the sxpression of this gene. We also studied Hoxa-3 mutants,
bt found no affect of this mutation on the cadb expression pattern, These findings suggest that vadb may ventribute to
the fornation of the segmemtal stracture of the early brain through its ability to confer specific adhesiveness on cells and
that Hoxa-1 may be required for early cadf expression in the posterior hindbrain, @ 1967 Avademic Press

INTRODUCTION

Cadherins represent a superfarnily of transmembrane or

surface-anchored proteins characterized by the presence of

unigue repeated motifs on thelr extracellular domain
{Ranscht, 1884}, Merabers of tne subfamily, called classic
vadherins, have been identified as homaop! wilie pell-cell ad
hesion molecules {Takeichi, 1988} Theyare w zbdiuded into
fwo groups, types T and I Suxuki er ad, 1991 Takeichi,
1995%. The type-t group inclodes B N and Recadhertn, and
the type-T group inchades cadherin-d to <12, Each of these
les in expressed fnoa unigue pattern i the body,
chiort of them causes defective morphogenesis of
tissues, as demonstrated by a ruonber of studies. For exarmn-
ple, blocking of E- cadherin disorganizes preimplantation
eribrvos {Larue ef al, 1904 Riethmacher ¢t al, 1895) as

2 LEUESRTY S25.80
Cnperigds & 1887 by Sdcadesiie Press
Ad} pights of repeuduction 36 any forsn veserver)

served between rertain cadberin subtypes Murph

well as differentinted epithelial layers (Hiral ot al, 1983
Hermiiston ef al., 1995}, and that of Wecadherin ropairs new-
ral morphogenesis tsunaga ef al, 1088 Baramni ot al,
1844}, With respect to homophilic interactions between the
classic cadhering, like subtypes prefer to bind together {Ta-
keichi, 1985}, although heterotypic interactions were ob-
Frotostt
of al, 18951 As a resulf, cells expressing @ particular cad

herin selectively adhere to those expressing the same cad-

herin. I was thus proposed that cadbierins are essential not
only for phyaical Hriking of cells but also for selective associ-
ation of differe m cell types.

Twir kinds of morphogenstic events,
the sbove functions of cadherins in

Hkely relovart o
wiive opll associa-

tion, were recently reported. First, we found that two type

I cadhering, cadherin68 and cadherin-7, were expressed

183
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dharing spectfic steps of neursd orest developrment in the
chicken emdwve {(Nakagaws arel Takeichi, 1985 The
chicken cadherin-88 {cadfB) {3 exchustvely exprassed in the
future neural crest regions of the neural {old, When neural
crest rells begin raigration, they cease the expression of
cadbB and instead begin fo express cadherin7 {cad?). This
cad? expression orours in a subpopalation-specific manner.
Far example, in the trunk. cad? s expressed wdy In crest
cells populating the dorsal and ventral roots and spinal
nerves, syhereas it 15 never intensely expressed in the cranial
and darsal root ganghia o in the cranial nwsenchivine. where
neural crest cells are known to popudate. Based o these
and other ohservations, we hypothesized that neural crest
cells igrate while maintaining thetr cadherin-mediated as-
sociations arwd that cad? serves for the swrting of particular
sitbsets of newral crest cells from the other subpopudations.
As for the second morphogenetic event indicating cadherin.
dependent selective cell association, R-cadherin was fourd
i b expressed in a restricted fashion in specific rhontho-
meres of the embryondc chicken or mouse brain {Ganzler
and Redies, 1995; Redies, 1995 Matsonand and Takeichi
1995}, some of which corresporsiend to certain “neuro-
meres.” Cell aggregation assays conducted in vitro showed
that cells derived from Re-cadherin-positive and -negative
regions sexregated from sach other in a cadherin-depanderns
marner, These findings led us to propose that Ruvadberin
confers specific aggregating ability on cells belonging to re-
stricted subdf ns of the fetal brain so s to confine them
i the subdivisions, We argued that this mechardsra oy
contribute to the formation or maintenance of the seg-
roevited stracoure of the fetal brain Matsinany ared Taked-
chi, 1893} It was also reported that o novel cadherin, Fo
cadherin, is expressed along several boundary regions in the
Xenopas embevonic brain {Espesath of al, 1995}

The above abservations on the developing brains sug-
gested that other cadherins may also be ¢ ssed in 8 segs
ment-specific manner in the embryonic brain; this sugges-
tion prompted us to search for such cadberins. It is known
thai newrvepithelial cells do rwd cross the boundaries be-
fween rhombomeres subdividing the hindbrain Fraser ef
al, 1990} although 2 sroall percentage of them can {Birg-
bauar and Fraser, 1994}, and that add and sven rhornboneres
do oot randomly irdermdx with each other {Clarke and
Lumsders, 1993; Guthwie ef al, 1993; Graham er al, 1883}
These phenomena can be explained by assuming segrnent-
specific adhesiveness of the cells comprising the hindbrain

{Lurnsden, 19903, and cadhering could be involved in this
hypothetical mechandsen. Inthe presand stanly, we analyeed

the expressiznt pattern of mouse cadherind {cadf} during
embryogenesis, which is the mowse homelog of the pre-
viously cloned rat K-cadherin Miang ot al, 1894} or lnunan
cadherin-€ {Shirnoyamsa et al, 1895}, While various interest-
ing expression patterns of cadB were observed, one ime-
portant finding was that it is rangdently and sequentially
sxprassed to delineate the boundaries hetween prospective
vhorabomeres 4 and §, and then 5 and 8. providing the first
molecular support of the notion that cadherin may endonw
hindbrain cells with rhombomere-specific adhesiveness. Be-
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cause the cadé expression padtern in the neural plate was
rerainiscent of that of Hox geres, we tested the possibidity
that the former miay he rﬁg,uiamd by these genes and {ound
that in Hoxa-1 mutants, the cadt expression in the posterior
hindbradn was termporarily suppressad.

MATERIALS AND METHODS

Animals

HOH palee were oated, and endryes 2t vasious stapes wers eol
fected. The precise staging of collected embwyoes was oade ac-
oording o Thedler 21 For Huxa-1 or Hoxa 3 oenants, mice
hetemz_yguu\ for targeted disruptions of the Hosa-1 ov Hoxa 3 gene
{Chisaka et af, 198, §.53§3§ were intercrnssed to peodiree enbeyas,
'mri mrir Qennty dynerase chain reastion

w’ianiey af a;‘ EB . I he Spfotel
ty D S Afzaws Kamamoto LDrdversity), and mated to produece
ynbryos. Thelr germtypes were dedermined By thelr chamcierisiin
phenatype of the neural tube Douglas oF &, 183

Cloning of Mouse cadt ¢cDNA

To ablain cadberin cl3MAs, we carrled oul PUR using mibxed
primees wehich can amplify nmudtiple cadherin subtypes Suzukd of
al, 1861 As templates, cDMAS were prepared frons mRNAs iso-
Laed frorn newbarn ause braing, By this PR, sbout 160-by frag
ments were amplified, and these Pagments were subcloned into the
pLICIS EooRl site. To obiain full-lengeh ¢DMNAs, we consinmtesd
randorn prised Aghll CORNA Hbraries of postratal braing dertved
imm K mice by use of the cDNA Syathesis kit {Amersham). We
ibraries with the abose PUE fragmends radiolabaled.
svlones were obtatned, and among them ooe apen
wAdmv frarne (OBE) was foend.

1

Probes for in Situ Hybridization

Serime or antisense cud® RNA probes labeled with digoxigenin
{Dig-1LUTP (Bochringee-Munnheion were  prepared  from
pBSHEGHE, which contains the 202 1228 BandH Fragarenst of cad€
cPNA. For the a n prohe, the Fool linearieed voctor was
travsoribed with T3 BNA polemerase (Giboo BRLY: for the sense
probe, the Xhad Hoearized veotor was iransoribed with TV RNA
polvrneruse {Giboo BRLY Hoxa 1 antisense KNA probes fabeded
wﬁh Dii‘ 11-UTE were prepared froms a newly constructed pBloe-
Or contatning t}xe EZ H i‘L;{} Fe nM H;ma‘}{{ fragment of

>

the EcoHE-Hrwari efs'} YEoInr was 1.5&:1.5@3}&& mih i‘f RMA pulynm
ase, Recadhertnn antisense HINA probes Iabeled with Dig 11U
avud Krox-20 antisense HINA probes labeled with Theorese FITCH
12-UTP (Boehringer Mannhedn} were pm;mre{i as described pre-
vinv-’;ix' Mdatsurarat and Takeicht, 1895 Carpeater ef al., 1883

Al probes prepared weee purified by use of {uick Spin Columing
?st\phzwim Ce-80 {Boabringer- \Lmnhmm: arid stored fn 809 for
raamide solions at ~2°C.

Whale-Mount in Situ Hybridization

Whaoleornoant £ sffu hybsidization with a single probe svus per-
formed in the manner described previcusly bi‘immnma ;f &l
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1864, For sticed semples, we fixed embryos overnight in PBS con-
faining 4% paraformaldebivde (PFA) at > and Bleantind thens for
§ b af romin temperature in meibanol contalidog one-8th volume
of 207 After the sumples had been rehiydested in g graded
series of methanol/PES, they wern embedded in 2% agarose/PRS,
andd sectioned imo 30G-wm slices by & microalicer DX DTK-
HIG, Kyatod, For pwo-oolor, whole-mmwst in sity hybridization,
bath DHg-isbeled and FITC labelnd KNA probes were added 1o
gethey after the pretreatierd of samples, and wubation was oar
vied out overndght. After nonbound probes hud been removed by
shiiyg, the samples were incubated ovarndpht with either amt
aline phosphatase (AP or wnth FITC - AP corgugate; i pen-
eral, we fiest used the fess sensitive probe, depeoding on the comibi-
nation of the probes. In the case that the Dig probe was used fiest,

taffered saline contadndng 0.1°
and remnved the first antibody corjugate by ) feve arnuies’ treat:
ment in methanol. Kext, we rehydeated the samples, snd tncubated
fhent overnight with the second antibe M conjugate. We then
deteetad the secorsd peobe by uwse of INTYBCIP Boehsinger-Mann-
hedng as o substrate Tor red color staindng, Then, we stopped the
reaction with three changes of a udfer contalndog 1 mdd EDTA,
fived the samnples with 420 PFAMLZN glitaraldebyde, and stored
thern at 4°C pending ohserestion.

Antibodies and Immunostaining

For immunostaining for reurofifaments, oulture supernatants of
densely grown hebeidoms cells producing midb ZHS Mark o af.,
1893 were used at ¢ L2 dilution. Peroxidase-conjugated affinity-
parified poat anti-mouse lgl Jackson romunn Reseascl) was used
at 2 LI dildon for detection of 2H3, Whalermount anmunm-
staining was carvied out as desoribed previously (Shivaanumra ef
al, 1994 > donble-staining by RMNA o site hybridizaton snd
tmrnunosiaining. the latter was carried out after the coropletion of
the in sitg hybridization steps,

Analysis of Samples

The whole-miount stained samples were observed arsd photo-
graphed with a Nikon SMZ-10 birocular rojoroscope. For sec
tipning of whokomount stadned sarnples, they were imersed in
& graded sertes of suorose salutions wd eobedded in Tissue-Tek
OCT Compound Mides Selemtificl, After freexing them in liguid
aitrogen. wi cut ther o 13-gmervesections, After the sections
Feud Toens freated with Tris-buffered saline to remove the UCT nont
poursd, they were dehydeated through a graded sertes of ethanol
ad xyviene. These dehydrated sanapies were rpountedwith Entellan
thderck} and observed vl a Zetss Axiophot sdorusoops,

RESULTS

Isolation of Mouse Cadf cDNA

30

We isolated overlapping ¢DNA clones with a 2373-bp
CIRF {DDB] Accession No, DE20231. The ORF enceded a
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protein with 790 andoo acids Fig. 1) it showed 96% iden-
tity to each of huwoan cadberin§ Niang ef al, 1994 and
rat Kecadherin Shirnovama e al, 1985} and also exhibited
B6%; identity to chicken cadherin-68 (Nakagawa and Taket-
chi, 1985, None of the other cadherins thus far identifiad
were more similar to the cloed molecude. We therefive
roncluded that the isolated mokeculde is the mouse bonw-
logue of cadd.

Cad6 Expression Subdivides the Early Neural Tube

We studied the expression of cadf niRNA during ens-
bryogetests by oy sity hybridization. Its staining sigoal was
first ohserved at the head process stage in the crescent area
focated at the anterior end of the arsbrye {Fig. 2AL that
forms the anterior intestinal portal. The cad8 expression in
this particular structare of the endodermy was maintained
at later stages. Then, cadf appeared in the neural plate: lis
expressinon was initiaied at a portion of the bingHsain &
around E7.75 (Fig. 2B, arvows) and subserpeently extended
posteriorly to the caudal end of the forming spinal cord
by EB.G Fig. 2D The rostral end of this cad6 expression
exhibited a sharp Hmit in the hindbrain region (Fig. 2D,
arrow), In those positive regions of the neural plate, cadf
sion seened o oonur i all neurcepithelial cells, as
revealed by sectioing of the samples Fig. 28} Soor afier
the hindbrain expression, the entire forebrain also began
cadé expression, svhich bordered the midbrain Fig, 2C,
arrow]. At fthe saowe time, the midbrain and the anterkw
hirglbrain also expressed cadf, but thelr cadB expressiom
was confined to the ridge of the neural {bld Fig, 2DL

At the subsequent stages, the above pattern changed drae
maticadly in the posterior hinddbrain aod spinal coed. In
these reglons, cad@ expresstint was downregulated in the
neural plate and closing neural tube, leaving onty the neural
crest zones positive. Exceptionally. bowever, the cad6 ax-
pression persisted in a band-like unit of the hindbrain {Figs.
26 and 2B, To identify this portion as well as the initial cad§
pusitive area in the hindbrain, we used Krox-20 transoript as
a raarker, which s expressed only in rhomiwwneres 3 03}
ared 5 5} (Withingon et g, 1988 By double &1 situ hvbrid
izatiiat for Krox-20 anwd cadf ressages, we found that the
anterior Himit of the initial cad6 sxprossion delinenied the
future r4/8 houndary, as it coineided with the anterior limit
of the Krox-20 signads in o8 Fig. 3A), When cadh expression
was confined o the band, {ts antarior Hrnit bordered the 13
Krox-20 sigrals {Fig. 3B}, suggesting that the cadé-positive
band corresponds to o6, This ri-specific expression of cadb
persistert witil the towe of newral tuhe closure and thereafier
diminished {Figs. 44 and 4B}, To swranarize, cadd expres-
sient in the neural plate oceurred initially from the future
r4/5 houndary to the caudal end througbout and then was
ronfined to 8.

Cad6-Positive Neural Crest Cells Papulate
Peripheral Nerves

The expression of cadd along the ridge of the newral fold
suggested that cads is expressed in neural crest cells or thetr
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m-cadd
h-coads
¥-cadheria
c-cadEn

ECY

m-aadé
h-cads
E-oadherin
c-cadEn

EC2

m-aadé
h-cads
F-cadherin
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EC3

m-cads
h-cadé
K-cadhevrin
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e-ouddR

EC4

m-cads
h~cads
E~cadherin
c-gadén

BCS

m-cadé
hecads
R-cadherin
o cadés

™8

m-oadb
h-ads
K-radhevrin
oc-oadiln

TAPRRASS AN CERON

m-cadé sty , * 780 a.a. fdentity
h-cads ESVRENADOUYDY ;- 790 a.a. S6%
Proadherin  BSUTTDGDADYGYISDRGPREXEIADMIGRDSDEDS * RS @@ 6%
c-cades ST CVLSHWGPRFKELR 5 0 730 a.a. 55%

PIG. 1. The aligrmes of vadherin @ araino anid seqpences o different species. The netted amiino acids are cons
. K-cadherin is the rat homologue of cadbierin-f m, roousel b, homany o chicken aa., amino actds, PRE, precuorson BC, extreace

served arnong the
lofar

domain TM, iransmembeane domsing CF, eytaplasmic domain,

precursors, although r3 and r3 were virtually negative for
cadf expression {Fig, 3} As expected from these observas
tions, colls with infense cadf expression migrated out of
the neural plate or tube. The Hrst migration ccourred inthe
nuidbrain {Fig. 2C), and thern in the ather reginns: cells in
r8 migrated out last. Neural crest cells expressing cadth and
dertved from r1/2 becamne arranged into the form of the
trigeniinal ganglion, and soowe of them mdgrated out into
the mandibular arch {Figs. 44 and 488 Crest cells from other
regions exhibited streamns with a pattern characteristic of
sach origin {Fig. 4B

Sections of the whole-nwaud stained smmnples revealed
the following profiles of the generation and migration of
cadB-positive newral crest colis: In the midbrain and anterior

hindbrain, cadf expression was observed only at the ridge
of the neural fold {Fig. 2E) the positive cells then migrated
out {Fig, 2H) In the other regions, however, all neural plate
cells injtially expressed cad® {Figs. 2F and 28, Then positive
calls progressively became ted to the ciddge of the new-
ral fold, Finally, the cadf-positive crest cells left the fold
{Figs. 2} and 40}, Forming cranial ganglia were positive for
cadf expression, especially at thelr outer peripherad zones
{Fig. 40}, but these expressions were fransient, as described
helow.

In sactions of E12.0 endsrvos, the most intense cad6 sig-
nals were detected alung peripheral nerves (Fig, 5AL The
signals were also located beneath the epidermis, exhibiting
nerve-dike networks fig. 5G4, When these samples were
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R VO R
A = o N

N

FHG. 2, Call mBINA expressdons i eardy enabryos, Erobevos eere stained By dne situ vbridization e whole-mount samiples 81 G}, and
sorpe of then were subsequently sectioned & FOHB 8 87.5 The arterior crescent area {arrowhesdst expresses cad®, B} Anterolateral view
af s EV.75 embreo. The renurs! plate has begun cadb expresston ai reglons indicated by the amows, The armmwhead indivates the antevior
rgestival portal. {C, D8 Lateral @) and dorsal £ views of an BEO emsbryo. Inthe neaald plate, two borders of cadid-posttive weas are obagaved,
at the fordbrudninidbmin boondeey and i the hindbrain farrows), Arrowheads point to migating resmal orest cells in the midbrdn, £, B
Provaal aections of the envdwyo in I3, ab the levels of 72" ) and 787 B {C} Dorsolarem! view of sy B3.8 embeyvo, A rhswnborowe-dike tad in
fhe hindbeaio at the level "1 and streauns of neweal orest cells arrowheads) are positive for cad expresston. (H, L ) Frontal sections of the
anbryo i paned G, at the leesls of "h™ &) "1 Band 17 I Areowhieads denote cadb-positive migrating neoal crese onlis, BE head folds
foretwadry fp, Hoor plate; rob, midbrain b, Divedbeadn, Baes, 300 gan for {A-D, G}, 108 o foe &

FLB aod 10 gan fore {0

double-stained for cadt mBNA and newrofibarnent proteins, tentification, we exarpined cadf expression in Splotch nns-
most cadb-positive cedls were found to be assueisted with tard mifee. I this muetant, Schiwann cells migrate indo the

the latter signals Figs. 5B and 5C), suggesting them fo bea  forelimbs bt not into the hindlimbs {Franz et al, 19801
group of Schwarmn cells. For further confirmation of this We found that cad-positive cells were present in the fore-
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200

andd Krox-20 {red) messages. (A} E&O. The asterior Hrait of Krox-20 signals in rbombonere § 8] eotncides with ihat of cadf signals. (8
2 sigrads in o5 posteriorly border the cad6 band. Bhombonere nurabers ave shown., Shiort Haoes tndicate prospective dmbomere
bhoursharies, Bars, 200 g,
FIG. 4. Cadfl ralNA expression in rofgating el crest cells and in brains, (3 B3O Cadbposithee neral orest cells migrate bto the
manddibular arch. B} BLE, Cad signads are observed i forming crandal ganglia and in nerves, as well as in migrating rest cedls i the trurd,
fn the brain, the signals aw seen at the anterior border of the dorsal hirdbrain farmwd and in 8 doesad portion of the mddbrain hrowhead), (G
A tongitadins sectton of the embren in @), which was cut along Jevel o7 depioted inn ). Asterisk, antertor hindbaio signals: srvows, migrating
cadf-postiive orest cells i the fnand 01 A dissected braio of erobeyo. The brain was longitudinally cut into haif and obsereed Fiom ihe
vendricidar side. The ceretiral hernisphers was mmoved o ds sample. The arrow jusdicates the alacfssal boondary, and arwheads point out
the dorsaliventiad thalinos boondary. £, B Ventrieslar view of ant isolaed 3 telencephalons, hyvheidized for oadt ) and Rcadberin )
White arrowheads ravek #he border of the curtex o the lataal ganghionte ernineree, rad, sandiboler archy v, trigerninal panplion; v, vill,
faniad/acoustin panghion: iy, x glossophanaigealfvagus nerves: dt. dursed thalarnus; vt ventral thadanrs; b, hypothadarous: roe, mesencephalon;
ot owiencephalor: my, mvelencephalon; cix, cerdoral cortexs e, panplionic erndnence. Bars, 0.5 o for &, B, D-F) and 200 gen b G

e

-
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iAo and neorofifament proteins drownd o a slic
fasterisk) are negative for cadf expression, where

of a peripheral seeve statned as i B Note that cadB-positive oalls §
o), {1 Drawing of an E12.0 embryo, showing the tevels of sections, B, T} Cadt expres
at in the hindliehs ¢

ernbryos 3t e Jevel of "o i {3, Cadf-positive rerves ae shs
cad signals af the edge of the opart neun

Hibs but not in the hindlitebs §igs. 3F arwd 55}, consistent
with the above identiftcation. In the caudal spinal cord of
the Sploteh mice, which fails to close, cadS signals were
detected at the edges of the open neural plate. This sugg
that cadf-positive neural crest precursies forroed but did
not migrate o from these positions in the neural plate,
Bot all of the peripheral netves were positive for cad§ ex-
pwession; e.g., the dursal root was negative. Also, cranial gan-
glia, dorsal root gangla, and syronpathetic ganglia were nega-
fve at least in their central portions whern their differentiation

Grrowhendal alse sxpress oadd aRMAL B Double-s

fobe in the rutant, {G A hiodlish of an B12.0 embeya. Interdigiial portions and rerve fibers
runring snderneatl the epidennis are positive, {H A slice of B15.0 enthovo showing absence of cadt signals in twe geripheral neeves. fp,
floor plate; g, oo cohann, . roof pate; sg. sympatherio ganglion. Bars, HI0 gra for &, B, E- H} arsd 20 gn for {C)
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e fibers show both sigrals ferowheadsy. 10} High magrificatio
eowwads. blue) are associated with neurofilament-posttive §
sion in B2 Spdoseh ™™ B and Sploic
" ihe nmozygous embryo. Arrowheads indicate

had been cormpleted, although sarae peripheral signals were
ohserved. Most of these nerve-associated expressions of tad8
were i longer evident in E15.0 embryos {Flg, 8H). In addition,
we found that, i the Hrds, interdigital mesenchyme ex-
pressed padf in a chavacteristic pattern $Fig. 5G]

Cadt Expression Delineates Fetal Brain
Subdivisions

The expression pattern of cadf in the brain dyvnamically
changed during development. By ER.S, the cadf expression

Copysight € 197 by Academic Press, Al sights of teproducion i any form msavvad.
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irt the forebrain bad becorne regional (Fig. 4Bh positive rae
sions inchuded the dorsal pddiine, the future neural reting
and optic stall, and portions of the diencephalon. It also
cccurred in adorsal area of the midbrain and dorsally avthe
rostral Mt of the hindbrado Fig. 48} Io the brain of E125
enibryas, cadf expression was found in the dorsal portion
of the ganglionic emdnence, and this signal sharply bordered
the lateral cortex {Fig. 4E}. The latter expresses R-vadberin
(¥ 4, as was noted earlier Matsunany and Takeichi,
m‘h} therefore, these b cadhering wed a complermen-
tary pattern at the bowrslary of the two contizuous cerebral
compartoents. Besides, a fsint cortinuous line of cad® sig-
nals ocourred at the zona Himbtars intrathadamica along the
boundary between the dorsal and ventral thalamus and
along the Sbasad bounwdary in the dienvep i yaeddd-
brain {Fig. 413, Hypothalamdc compartruents were alsu posi-
thve, Al these staining signals emanated from the ventricw
lar neurpepithelial cells. In the spinal cord, a certain portion
of mugor columony as well s the roof and oo pldes ex-
pressed this cadherin Figs. 34, S8, and 5EY the fioor plate
signals extersded to the brain. In the ayve, the ature iris and
aptic stalk were positive fdata not showrd. At later develap-
mental stages, cad® expression in the brain underwent fur-
ther complex chianges following differentiation of brain mu-
clef, andd these will be reportad slsewhere {8, € Susukd, T,
Inoue, and M. Takeichi, in preparation).

© Mice

Since the cadf expression pattern in the early hindbrain
was i part reminiscent of the well-known patterns of Hox
gene xprassions, we considered the possibility that the for-
mer might be regulated by the latter genes. As an indtfal

Cadf Expression in Hoxa-1~

step for testing this possibility, we sxamined the effect of

Howa-1 knockout or ihe exp ession of cad§.

Ve first carried owt whole-rnount i sity hbridization
for Hoxg-T expression in wild-type E8.0 embryos to confirm
the previous observation thiat this gane is expressed posteri-
wrly to the pesumptive r3/4 bownwdary in the hindbrain
Sdurphy and Hill, 1891}, s reported, the Hoxa-J expression
exhibited & sharp anderior Himiv within the hindbrain, In
forg-soralts stage embryos, ¢, the Hmit was located
more posteriorty to the 344 bourdary, although it rovered
# posterior portion of r4 {Fig. 84, 4s). In nine-somiite stage
ernbryos, the expression was diminishing, but it was still
positive 1o @ certain degree (Fig. 64, 8s),

We then examined cadf expression in E&.0{2- o d-somite
staged Hoxa- 17~ embrvos (Chisaka ef al, 1998 and found
that they sxpressed this mudenulde in 8 pattern sivdk to

that in wild-type embryos. However, close comiparisons of

the ratant andwild-type samiples revealed that the statning
intensity for cadl messages was consideraldy reduced in the
posterior hindivain of iEaP routards {Fig 5B Moreover, the
anterior limit of the expression was less sharp and located
more posteriordy in the routards than i the wilddype, as
sstimated b distances from the position of the anterior
most somite and from a sulous corresponding o the pre-
sumptive 12/3 boundary. The latter distance was larger in

Copysight
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the outants, despite thelr shorter hindbratn dus to the ab-
sence of 13 {Carpenter of al, ‘)‘«}'%'} At the B-somite stage
when the discrete v8 band of cadf appears in the wild-type
embryos, the corresponding band svas dim in the natants
{Figs. 8- 8F). Furthermuore, cadf expression at the neural
foldd ridge of the putative rd region was faind Figs. 6C-
851 The wther (‘3{ 16 expressions were, however, basirally
norisal. At the [1-sondte stage, cnd appeared ot the aeural
fold ridge of i‘he putative 1 Y and ré regions {Figs. 86 and
aHY, although the main portion of the neural plate iem\mwd
essentially negative. These cad signals were contiguous fo
eachother an theridge, cnnsistent with the previous fuwling
that 15 is missing in Foxa-I77 embryos {Carpenter ot al.,

1a03; Mark et al, 1993 Dollé er al, 1983}, Curiously, cadé
signals int2 extended muwe caudally in the pudant errdwyos
than in normal ernbryos {Figs. 6F and 8HY, although no sueh
effectof Hoxa-1 nmtammalmsheem(«p(}ued I B9.S homeo-
Zygous ynigant embryos, neural crest cells expressing cadé
migrated ot of the putative v4 and 6 positions Fig. 6
The two clusters of cad-positive migrating crest cefls fused
ta each other over the dursal portiva of the otl: vesicle, as
reported previously Mark et alll 1893} Thus, the suppres-
sion of cadf expression in the posterior hindbrain by Heoxa-
¥ mastation was lmited 1o earlier developmental stages.
Impertantly, the observed affect of Hoya-1 oudatiet onin-
cides with the perlod of the expression of this gene. We
performied strnilar aralbvsis for Hoxg-3 mutants, ng found
no affect w1 cad6 expression in tharn {dats not shownd.

DISCUSSION
Recently, we reported the cloning and expression of

chivken cadherin-8B {oadBB: Nakagawa sod Takeichi, 19985).
The mouse cadf, stugdied bere, showed 86% ilentity in
aming acid sequence to the cadbB, so they can be considered
to be homeologs of each other. Deapite this high similarity
of the two molecudes, thelr sxpression patferns were not
identical, raising a guestion about their relationship. The
clicken cadBB was essed only in the neural fold,
whereas the mouse cadd was sxpresse

ad it both the neoeal
fold and migrating neural crest cells: this was the reason
why the chicken molecule was termed cadBB instead of
cadh. We fourdd another chicken cadherin, cadherin-7 {oad?)
this cadberin iy expressed in rmdgrating crest cells but not
in the early neural plate and wmb E‘I\aka sawa and Takeichi,
1895}, Therefore, in a sense, the expression pattern of cadf
represands a mixture of those of cadbd and rad?. However,
the cadl expression pattern was not a stmple sum of the
two chicken cadherin patterns; it was different in certain
details. For example, neither of these chicken cadherins dis-
plaved a metarneric expression in the bindbrain oeursd
plate. In the chicken, other unddentified cadhering might
he preserdt o subdivide the hindbrain,

Possible Reles for cadf in Neural Tube
Segmentation

It veas shown earlier that neuroepithelind cells in chicken
embryos cannot cross the bomdicies between rhombomeres
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Effects of Hoxa- rangtation oo cadt seRNA expression. Doesal
w intense signals in the 8 hirgdbeals are rae
feigha) ooy
arud second somite Blooks, Asrows show the anterior Hrelt of cadB expre

er, the signals o the nsin portion of the o6 neural plate reroain very Bint or negatd

sireants of cadB-pusitive cranied ganglivn cedls, derived frorn o4 foowheads) and o6

wi for A1, G oand H oand fatersl

ok fron owesenchiomald
eate the gap betweon the firyy
do point to the suleoas correspanding to the foturg
topnsitive repion iy the mwstant hindbrain, In these
@osoanite staged. €, B} Hoxa- 1Y and
s at vdin B are roostly desived frorm
rad in the putative r308 region
ve, {E, I ERLS
{xerowd, have

B

fused with each other over the ofie vesiele o}, v, trigensina! ganglion. Prospective chombonere ouwbers are shown, Bars, 200 jam

after g cerfain developrnental stage Fraser et al, 1980y, except
that a minor population of them can do Birgbaver and Fraser,
13941 A hypothesis o explain this phenomenon was that the
restriction is created Iy ivamdscibility of cells belonging to
contiguous thombomeres  {Lumsden, 1990, Wingate and
Lurmnsden, 1998} Our present finding supports this ypothesis,
After dhynarnde changes in expression pattem, the cadf signals
becamie restricted to rhormbormers § §6}, although temporarily,
We recently showed that cells expressing cadOB segregate from
vedls expressing other cadherins. such as Necadherin and rad?,
upon their aggregation fn viteo PMakagawa arel Takeichi
1995} Such adheston specificity was alo found for manwna
Han cadB &, C, Sweuki and M. Takelchi, unpublished). Based

on these observations, we ¢an assune a process such that o6
colls enagpregate by use of cadf, and segregate from cells of
contiginss thorabomeres without tas cadhering dw latter
probably express other unidersified vadberins. This s a lkely
mechanism for prohibiting r6 cells from free migration o
the contiguous rhombometes, Grafting experimients suggested
thiat cells derbved from different odd-muraber shomrdbomeres
are miscible with one another I not with those from even
ones {Guthrie et gl 1993} To be corsistent vith this observa-
tion, wild or even chormdbormeres shoadd express the same cad-
herins, st this was oot the case in the present observadinn.
Other cadherins that can crossinteract with vadB right be
expressed in even rhombomeres. A comibinatory action of
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maatiple cadherins is perhaps Droportant for determining the
averall addbesive behavior of rhombomere vells, For testing
these hypotheses, 11 would be Important 1o identify other
cadherins expressed in the early hindbrain. Necadberin is
koown o be expressed n the newral tube, but its expression
in the hdmedbrain & oof so oderse vet at the stage of the un-
closed neurad plate Kimura et al., },995}.

We shondd poirt oud that radd expression tr the hindbrain
dynamically changes. Its anterior limin inftially deiineated
the prospective rd/5 boundary and subsequentl :
boundary. This pattern implies that cad6 could be iny oix‘n—_\d
irdetermining both boundaries in a sequential manner. Ap
important question is whether these cadb expressions in-
deed correlate with cell rigration restriction ab these
bowndaries. No precise cell Hneage anadysis has been re-
ported fur the early munase hivedbrain except for neural orest
origin Osurni-Yamashita ef al, 19946}, so that this question
remains e be answered.

fr1 brains ab owwe advanced developrnental stages, we
found other correlations between cad8 expression pattern
and cell migration restriction. An exangde was seent in the
developing telencephalon, Cadt expression delineated the
dorsal border of the ganglionic eminence, which is contiga-
ous i the R-cadherin-expressing lateral cortex {Matsunami
amd Takeiohi, 1995, These two cadherins showed a comple-
merttary distribution pattern at the junction of the gangli-
onie eminence and cortex. I was previously shown that
vells in the gangliondc «minencs do not ougrade intu the
vortex {Fishell s al, 1993}, andd we also demonsirated that
R-cadherin-positive and -negative fetal bratn cells segregate
fromt one another i an in vitro aggregation system {Matsa-
narrd ared Takedchd, 1995). Furtheemors, sowveak cadd expres-
ston pecurred along the boundaries between the dorsal and
verdral thalamaus, i was depwrstrated that cells oo ot
eriss the corresponding bounsdary in the chivken ernbryo
Figdor and Stern, 1993} A stinilar type of expression pat
terns delineating boundaries in the embryonic brain sere
also recently reported fiw Nenopus Foadherin Espeseth et
al., 19951 These findings support the hyputhesis that re-
gioral expressions of wutdltiple cadhering in the fetal brain
play @ role in the matntenance of iIs segental structure
{Ganzler and Redies, 19935 Matsunaeot soud Takeiohi, 19835}

Subpopulation-Specific Expression of cad§ in
Neural Crest Cells

We found that cadf is expressed along the ridge of the
neural fold and subsequently in raigrating newral crest cells.
The cadb-positive (M}q in the Hdgi:‘ are st Hkely neurad
crest precursors, i thus seemis that neural crest cells begin
cadf expression when they are still part of the neural plate,
arud subseguently they migrate out. Most of the cadb-posi-
thve crest cells selectively accuwmudated along nerve fibers,
suggesting that they differentiated into certain types of
Schwann cells. It remains fo be investigated whethere this
xuhp spulation-specific cadf expression is estaldished from
the beginning of neural crest generation or during their mi-
gration, Whatever the case is, cadh may contribute to the
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clustering of migrating Schwann cell precursors andy
sorting from other cells, s we propused recently {Nakagawsa
and Takeichi, 19985), Since motor newrons also express cads,
thiz cadhertnn could alse be used for the association of
Schwarn calls with mwstor axons.

It is interesting to note that cadb expression was virtually
negative i 13 and rd of E8.5 srobrvos. These adid rhombn-
meres are known o produce neural orest cells, which mi
grate together with others from even rhombomeres (He-
christ ef al, 1893; Birgbauer ef al., 1995} It remiains 1o be
resulved whether these 13/5-derived crest cells EXPess
cadé when joining those derived from even rhophomeres.
b case they never express cadf, migrating crest cells are
assumed 10 be @ mixture of cad@-positive and negative cells;
if'so, this situation could e effective for segrepating subpap-
wlations of rnigrating crest ceils from one mehex a5 dis-
cussed above and before {Nakagawa and Takedchd, 1983} In
addition, it is worthy of pots that cadB can be used a5 &
marker for newral crest cells, at lpast for their subpomda-
tions, in the future stadies; for the mouse system, such
markers have been larking

Hoxa-1 Muwtation Affects cad@ Expression

As is well known, Hox geres are expressed in the neurad
tuhe alung s anteruposterior axis, and many of thars s
hibit their anterior Hindt at specific rhornbomiere boundaries
{Wilkirson, 1993} The early pattern of cadf expression in
the neural plate amd tube is remindscent of those Hox ex-
pression patterns. This correlation prompied us to test the
possibifity that some of the Hox genes may be regulating
cadf expression. We sxamined the effect of Hoxa- and
Floxa-3 mudations on cadf expression, and found that, in
Hoxa- | rautants, the cadf expression pattern was alterad
ina developmuendal stage-specific manner. In these muatants
at earlier developmental stages. cad8f expression was sup-
pressed at rd and v6. The cadf expression in these rhomibo-
meres was, however, upregulated afterward, and crest cells
migrating from these regius expressed a normsl level of
cadf. According to previous dvburphy and Hill, 1991 and
present observations, Hoxa-! is expressed in E8.O hind-
brairs, posteriorly to the 13714 boundary. The Hoxa-I mes-
sages then diminish from the developing brain, and migrat-
ing neural crest cells do not express Hoxa-1 Thus, both
positionally and temporally, the Hoxa-1 expression pattern
in nonmal entbryos correlates with the observed major ef
fects of the Hoxa-1 mutation on cadd expression: that is,
the affects were limited o rhotobornerss posterior to the
3frd boundary arud up to the stage E8.5. It shoudd Ie siressed
that, in the Hoxa- 7 rmutant strain used in the present study,
4 ard v8 are present, as revealed by use of specific regional
markers, although rd seems to be redduced in stae {Carperder
et al., 1993}, Tt is therefore most Hkely that the downregula.
tion of cadb is not due o a simple loss of these rhomibo-
maeres. These Nodings suppart the idea that Hoxa-1 mighs
regulate cadh expression at restricted portions arel stages.
Other genes perbaps take over Foxa-1 o sustain the later
cadf expressions, when the Hoxa-F expression is turned off,
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However, the present stiusly cannot elindnate the possibil-
ity that kess of Hoxa-f was oot divectly linked with the
changes in the ¢ad8 expression pattern. Gross morphologh-
cal changes or some noncharacterized phenotypic transfor-
mation sf rhombomeres in the mutand hindbrado could have
indirectly led to the slierations in cadB expression. Thus,
whether Hoxa-f activity directly regudates cadé expression
rermains to be further uwesuwﬂ.e{_i. Olwviousty, Hoxa- ! can-
not be the sole regulator for mdfs expression, since the ex-
pression pattern of the latter is much more complex than

thai of the karoer, ard also the spinad cord expressinn of

cadd was et affectad by Hoxa- ! mutation, Multiple post-
tive ard negative regulators should be involved in the tran-
scription of the cadf gene in a positionsspecific rmanner.
Another Hox gene, Hoxd 8, was foursd (o regulate the ex-
pression of a cadherin, L-CAM, in an fo vitro system
{Goomer of al, 1984

Iy summiary, cad6 s expressed in various local reglons of
the developing roouse twain and o subpopudatinns of neursd
crest cells. These regional cadf expressions likely serve for
sarting of heterogenesus cells to establish and madniain the
regionalized structure of the body. Hoxa - gene could Te

one of the regulators for the spatiotermporal expression of

cadh at errly developrnental stages.

ACKNOWLEDGMENTS

We thank Drs. Marin R, Capecehi for Hoxs- 1 and Floxa-2 koook-
out auce, Shivdobt Alzaws for Splereft mice, Brian G, Condie for
Krox-20 peobes, and the Developmental Stoudies Hyvtutdons Bank
for 2H3 antibody. We also thank all members of vur Ishoratory,
Kermneah Yanada, and fean Paul Thiery Tor thoughifid discossions
and teckmioal advice. This work was supported by 8 Grant-fre Add
for Crawbve Fundarnental Research from the Mivdstey of Eduration,
Seience, and Culdtare of Japan and by a grant from the Human
Frortier Sojence Frogram.

REFERENCES

Baraod, K., Kisschenbaun, Bl Levomnon, V., and Goldrasn, S AL
{1984}, Necadherin and Ng-CAMRDY are frrvolved serially in the
mwuﬁwn of rewly «euu«ds}d nowrond inte the adult songbind
fradn. Newron 13, 3679582,

Birpbauer, K., and Fraze { Y. Violation of cell Hneage sestric-
ton compartmerts bt the chiok hindbrain, Developroent 128,
13471356,

Birghauer, £, Sechrist, L, Bronner-Fraser, M., and Frazer, S, {1035).
Fhombomerie origin arad rostrocaadal reassortment of neorsl
crest cells revesled by intravital microscopy. Developmens 121,

G35H-9345,

Carpenter, B M., Goddard, 1 D Clidsaba, O, Mardey, NOR., and
Capeachi, MR {19931 Loss of Howe A {Hox- L6} Funotion resulis
in the reorganization of the rourine hndbrain, Developmens 118,
1063 - 1075

Chisakas, 0., and T

opiental defe
miouae bunechox

Chisaka, O, Muact,

peocti, 2B (1891} Reglonally restricted de-
resuliing fram targeted disruption of the
e hox-1.9, Nature 358, 473
LS and L\iﬁt\(f‘i MR {IS‘M Develop-

Copysight

OnCusp
Ex. 1002

193

mental defects of the sar, oranial nerves arsd hindbrain resudting

from targeted disroption of the monse homentiox gene Hox-1.8

Nature 355, 516524

Charke, | 2, and Dumsden, AL {1983 Segenental repetition of neu-
ronal phenotype sets i the obick embryo bindbrain, Davelop-
et 118, 151 - 18R

Dolle, P Lafkin, T, Keamiauf, R, Mark, M.,
Chiarnbton, P {35630 Lo

Duboute, D, wnd

cal siterations of Krox-20 and Hox gene

expresaion in the hivedbrab sugpest lack of rhombomeres 4 and
$ it honwozygote null Hoxs-1 {Hox 1) owstant embryos, Pros,
Nati. Acad, Sci. IS4 8, 78687878

Daouglas, I E., Michel, V., ansd Philippe, G, (1981} splowoh {SpP8,. 2
nugationaffecting development of the runuse neural tube, shows
A deletion within the paired horosodomain of Paged Cell 87,
767774,

Bspeseth, A Johnson, B, and Kivaner, C. (18685} Xenopus Foad
el @ vmvel menther of the cadherin faodly of cell adhest
molecules, is expressed al towwdaries b the reural tube, Maod,
[ Negrased, 6, 195 - ZH

ior, M. C, and Stern, €D (18930 Segnwriatinn orgasization
of em?m,tnm ey Ppimlm‘ Nature 363, 630634

Fishell, G,i Masars, A, and Hatien, M. E. {1 Diispersion of
neural progerdtors within the germinal zoves of the forehrain.
Neptuee 362, 636638,

Fragee, T, {148 efective ensheathirpeat of motoric nepves in the
Splotch nuwant mouse. Actx Anaf, 138, 2468

Fraser, 5., Beyrea, R and Luansderg AL {1990), Sepmenrtation: i the
chiok emibryo hindbreain is defined by coll fineage resiriciinns,
Nature 344, 431435,

Ganzler, 5.1, snd Redies, (U {1985}, R-cadhierin expression during
nuckeus ornation in chick forebwains neuwromeres. § Newroscd,
15, 41574172

mempr R &, Holat, B D, Wood, L €L Jones, FL S, and Edelman,

£ {1994}, Regudation in viteo of an L-OAM enhancer by ho-
msss}bz),\ geres HoxD8 wnd HINE-E Froe, Naif, Acad. Sof 1584
81, TG~ THEY,

Geabany, A, Heyroan, Lo sod Lumsesden, A (383830 Evernroumbered
rhunhameres contral the apoptotie elimination of reural orest
cells from odd-ownbered vhoraborneres o the chick hbvsdbrain,
Developmenyt 119, 233245,

S.. Prince, V., and Lumsden, A {1963), Selevtive dispersal
of avian rhaembonere oalls I orthwotopic and heterntopic grafis.
Bevelopment 118, 527 5338,

Hermiston, M. L., and Gardon, | L 3885) In vive anadysis of ead
herty funciion in the mouss intestinal epteheliun: Essential roles
i adbesion, maintenanee of differentiation. snd regudation of
prograrmened cell deathn [ Celf Biod 129, 483- 508

Hivad, Y., Nose, A Kobay S, angd Takeichi, M. (1989 Expres
sign and role of . and Poadherin adhesion melecules in embry-
onic histogenesis. Develapnent 103, 263-377

Kinura, Y., Matsanami, Ho, Inoge, T., Shirnansary, K, Usin, T,
Mivazaki, T., and Tukeichi, M. {1395, Cadherin-11 expressesd
in association with mesenchyragd morphiopenesis in the head,
sorntie, and b bud of early mouse embryvos. Dev, Hial, 169,
347 358,

LaMosa G L. and Gudas, L. | {1988}, Exrly retinod acid-induced F3
tepatncarcinoma stens cell gene ERA-L Alternate splicing orestnes
transeripgts for 8 homechax-containing protein aod ane lacking
the horneobox, Mol Cell Biol. 8, 39083317,

Large, L., Ohsugl, M., Hirchenhain, [ arsd Kember, R {1894, B
cadberin mll routant erobryos fail to form a rraphectoderng ept-
thebivrn, Proc Natl Acad Scf LS4 81, 82638867

Lumaden, &, {183, The calthular basis of segmeatations in the devel-
aping hindbrain, Trends Newroscl. 13, .&,3{3“335.

J

]

L ISYY By Acadenic Press, Al sighes of reproduciion i any form weservad,



1065 of 14295

194

BMardey, NOR., and Capeochi, ML E. {19980 The mle of Hoxa-3 in
mouse thymus and thyroid development. Development 121,
TORG- 2083,

Nark, 8 Ladkin, T Vonesch, § L., Buberte, B Olivn, 1O, Dalls,
P Garry, P, Lumsden, A avd Chanshon, P83} Twarhombo-
yneres are altered in Hoxa-1 mutarg mice. Development 119,
F19-338.

batsunaga, M., Hata, K., and Takelehd, M. {1888 Role of N-cad-
Berin cell adbwsion molendes tnthw histogeneshs ol newal retina.
Newrore 1, 2859295,

atsunarod, H, and Tabietold
defirmd by R- and B
of cadberin aciiviy
Biol, 172, 466478,

Meorrizs-Kay, G.. Wood, H., an-j Chern, WO HL {1884). Normal neorg-
tation i munmals. Ofba Found, Byrng. 18, 5163,

Murphy, P, and Hill, ROE. {1991} Expression of the mmuse fabizd
like hm'neuh{ﬁmz‘t)ntanmm penes, Hox 2.9 and Hoy 1.6, duing

segmienfation of the bindbrain, Develuproent 111, 61 74

Murphy-Erdosh, C., K. Paradies, M., and Reichasdr,
f. F {1945 The ; 5 of Boadherin and
LOAM. J Celd Bicd 129, 13791380,

Nakagawa, 3., and Takeichi, M. {1998}, Nearal cvest cell - cell adhe-
sion corirolled by seysential and subpopolation specific expres
store of novel cadbering, Developrnent 181, 13211332,

Churanl-Yamashita, No, Niromdya, Y., Dot Ho, and Bte, K {1998
Riwonbornere forration arsd hind-beadn orest cell rofgration from
provhombaomeric origing in moose embevos. Dy Growef Differ
38, 107 118

Ranscht, B, {1994}, Cadbherins and catentne: Intenction and e
fion in embryonic development, Coerrn Opin. Celf Biol, 6, 740
748

Reudtes

M. {1085). Petal traln sobdivisions
wlerin expressions: Evidenne for the sule
i regioneapedific, cell-cell adbesion. Des

CL{EnsL Cadhertnoexpression i the developing vertebrade

Frong seuromeres to rain ouclel and neural circuits
Codi Res, 220, 243258

Risthmachser, {3, Brinkmann, V., ared Birchmeder, C. {(18958) & tae-
geted rputation in the mouse E-cadhwerin gene resules in defective
gs‘@impizmiaxi(m development. Proe. Natl Acad, Sol USa 82,
B55-85¢

Sechrist, 1. Sm hadzifa, G

CNL Selwepson, T, Fraser, S50FEL and Bron-

OnCusp
Ex. 1002

Inoue et al.

ner-Fraser, M. {1993), Segmental migration of the hindbrain neu-
val crest does nob arise frony s segmiendal generation. Develop-
mend 118, 891 -7,

Serbedaija, G ML Bronner-Feaser, M., and Fraser, S, B (1892} Vial
dye aralysis of cranial neural crest eell mwzei:mn ive the mouse
enibrya, Development 118, 297 307,

Shivaanwwra, B, Hivano, &, McMahon, AP and Tak
{1684 Waot-T-dependert regulation of focal o
eatenin expression i the eynbryonic monse brain, Lés‘\ edopnent
120, 22252234,

Shivnwyama. Y., Goteh, M. Terasaki, T, Kitajlyoa, M., arsd Hivo-
hashi, 3. {(1985) Isolation wnd sequene aralysis of huaea cad
herin-6 conplementary DNA for the Bdl coding sequence and
its expression i buman carchmma eells, Cancer R(’ﬁ 58, 2206
2211,

Sazaki S, Sano, K., and Tanthaa, H (3981, Diveraity of the
herin fas nily: Evidence for eighd new cadbering in nervous tssue,
Cell Regul. 2, 281270

Takeichi, M {488} The cadberios Cell-oell adhesion malecules
controliing anbimal swrphogenesis. Development 102, 53868585

Takeichi, M. {1995} Morphogenetic molesof o < cadbierins. Cuer
Clpirs. Cedl Bind, 7, 618827,

Thetler, K. 3972). "The Hause Mouse”
Heddelborg/New York,

Wilkinson, . G, Bhatt, &, Chaveder, B, Brave, B, and Charoay,
P{1688) Segrment-spectfic axprassion of 3 zinc-finger gene o the
developing nervous system of the mouse, Natore 337, 461464,

Witkinson, D G, 1863} Moleculyy mechanisas of sepmeraad pat.
terning {0 the vertebrate hindbrain and nearal orest. Binfss
15, 4948045,

Wingate, R LT, and Lumsden, AL {1388}, Perststence of rhanibony-
st argandzation in the postsegmental hindbeatn, Development
128, 21432152,

Kiang, Y. Y., Tanuba, M., Suauki, M, Igavastd, H., Kbvekawa, E,
Maite, Y. Olgaveaa, Y., Shen, Q. Suginnes, Ho and Kine, ©
{1994}, Bsolaticas of complernentary DIMA encoding Kocadberin, w
novel rat cadherin proferential ‘X}}Itbbt‘d ire feqnd Kidney and
Kidney carcinomg. Cancer Bes. 3, 230343041,

Recebved for publivation May 28, 1596
e 27, 1986

Gagd-

Apringer-Yerlag, Berlin/

Copysight € 1087 by Academde Fress, A1 rights of seproduction in any form meerved.



	11-13-2019 Other reference-Patent/Application/Search Documents
	11-13-2019 Other reference-Patent/Application/Search Documents
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature



